The primary objective of the present study was to evaluate the recovery of plasma and mitochondrial membrane functions after 30 min of hypoglycemic coma and to establish whether a lingering accumulation of free fatty acids (FFAs) delays the recovery. A secondary ob jective was to study whether production of metabolic ac ids following glucose infusion leads to a fall in intracellu lar pH (pHj). Phosphocreatine, creatine, ATP, ADP, and AMP, as well as glycogen, glucose, lactate, pyruvate, and FF As of rat brain cortex and caudoputamen were mea sured, and "free" ADP was calculated from the creatine kinase equilibrium. Extracellular pH (pH e) and K + con centration (K + e) were measured with ion-sensitive mi croelectrodes, and pHj was derived by the CO 2 method. The brain damage incurred after transient isch emia or hypoglycemic coma is probably secondary to energy failure (Siesj6, 198 1, 1984; Auer and Siesj6, 1988) . As discussed in a recent review (Siesj6, 1992a,b), the molecular mechanisms of cell damage are triggered by the decrease in phosphor ylation potential (ATP . ADP-I . Pi -I). The sec ondary consequences encompass loss of cellular ion homeostasis, with release of K + from cells, and uptake of Na+ , Cl-, and Ca 2 +, as well as extensive Abbreviations used: Cr, creatine; DC, direct current; FFA, free fatty acid; PCr, phosphocreatine.
The brain damage incurred after transient isch emia or hypoglycemic coma is probably secondary to energy failure (Siesj6, 198 1, 1984; Auer and Siesj6, 1988) . As discussed in a recent review (Siesj6, 1992a,b) , the molecular mechanisms of cell damage are triggered by the decrease in phosphor ylation potential (ATP . ADP-I . Pi -I). The sec ondary consequences encompass loss of cellular ion homeostasis, with release of K + from cells, and uptake of Na+ , Cl-, and Ca 2 +, as well as extensive Glucose injection was followed by resumption of oxida tive phosphorylation within �2 min and by an equally rapid restoration of normal K + e levels. These functions recovered although tissue FF As remained elevated for at least 7-8 min. Tissue lactate content increased only mod erately and production of metabolic acids did not lead to intracellular acidosis. After 15 min of recovery, pHj was moderately increased, although pHe fell toward 7.0. It is speculated that the dissociation between intra-and extra cellular pH is compatible with an up-regulation of an Na + iH + antiporter, e.g., by phosphorylation. Key Words: Energy metabolites-Extracellular pH-Free fatty acids-Hypoglycemic coma-Intracellular pH-K + transport-Recovery.
lipolysis, causing accumulation of lysophospholip ids, free fatty acids (FF As), thromboxane A 2 , pros taglandins, leukotrienes, and platelet-activating fac tor (see Bazan et al., 199 1; Lindsberg et al., 199 1) .
At least following transient ischemia, a significant part of the final damage is probably incurred in the immediate postinsult period, i.e., at the time when oxygen supply is restored (Kontos, 1989; Siesj6 et al., 1989; Watson and Ginsberg, 1989) . This is be cause oxidation of reduced compounds, of xan thine/hypoxanthine, and of FF As such as arachi donic acid leads to enhanced production of free rad icals. It is much less obvious that such postinsult mechanisms operate following hypoglycemic coma since acidosis is not present and since an anaerobic/ aerobic transition, with a sudden oxidation of re duced compounds, does not occur. However, at least in the caudoputamen, postinsult aggravation of histopathologically verified cell damage has been observed (Kalimo et aI., 1985) .
In view of this, it is justified to analyze recovery events following ischemia and hypoglycemia. The present article concerns hypoglycemic coma. Tis sue was analyzed after 30 min of hypoglycemic coma, as well as 0, 2, 5, and 15 min following repo larization of cell membranes (�2, 4, 7, and 17 min following intravenous injection of glucose). The main objective of the experiments was to correlate resumption of mitochondrial metabolism to restora tion of normal K + e levels. The main question posed was whether recovery of mitochondrial and plasma membrane function is faster following hypoglyce mic coma than fo\1owing ischemia. The results given novel information on the coupling of mito chondrial and plasma membrane function during re covery following hypoglycemic coma. Further more, the results on extra-and intrace\1ular pH have a bearing on mechanisms regulating intracel lular pH.
MATERIAL AND METHODS
Male Wistar rats of an SPF strain (Mpllegaard Breeding Center, Copenhagen, Denmark), weighing 300-350 g, were starved overnight but had access to tap water ad libitum. One-half hour before anesthesia, they were in jected intraperitoneally with insulin 2 IU . kg-I (Ac trapid; Novo Industri A/S, Denmark). Anesthesia was in duced with 3% halothane (Halothane; ISC Chemicals, Bristol, U.K.) and maintained during operation with 1.5% halothane in a 1:2 mixture of OzINzO. After the operative procedure was finished, the halothane concentration was reduced and kept at 0.5% throughout the experiments. The rats were tracheotomized and artificially ventilated so as to give an arterial Pco 2 of 35-40 mm Hg and a P0 2 of �100 mm Hg. Catheters were introduced into one fem oral or tail artery for blood pressure monitoring, as well as P0 2 , Pco 2 pH, and glucose measurements, into one femoral vein or tail vein for drug administration, and into one jugular vein for blood pressure control by withdrawal or injection of blood through a fixed syringe attached to the catheter. The rats were heparinized (heparin 180 IU . kg-I) and paralyzed with d-tubocurarine (0.5 mg . kg-I). A frontoparietal craniotomy (3 x 3 mm), with a well attached to the bone surrounding the craniotomy filled with mock CSF bubbled with 5% CO 2 at 37"C, gave access to the brain surface for microelectrode measure ments of the direct current (DC) potential and either pHe or K + e (Mutch and Hansen, 1984; Bengtsson et aI., 1990 ; see also Katsura et aI., 1992) . The operated rats were placed on a plastic table in a Faraday cage, measuring 0.6 x 0.7 x 1.1 m, before the introduction of the microelec trode. The dura was excised and the microe1ectrode was advanced 500 ± 20 ILm into the neocortex by a microma nipulator. A ground electrode of Agi AgCl in 2% agar and 150 mM NaCI was inserted into the neck musculature (for methodological details, see Bengtson et aI., 1990) . Atro pine (2 mg . kg-I) was administered to avoid bradycardia and reduce airway secretion. EEG was continuously recorded by bipolar needle electrodes inserted in the mus cles lateral to the skull bone. The rats were maintained at a rectal temperature of 37°C with the help of a thermistor controlled heating blanket.
Control rats underwent the same operative procedure but either were not injected with insulin or were injected with insulin and simultaneously given a continuous infu sion of a 25% glucose solution. Blood (or plasma) glucose levels were monitored by repeated measurements so as to maintain glucose concentrations of 6--10 mM, requiring infusion rates of 1-2 ml . h -I. After 30 min of hypogly cemic coma, recovery was induced by administration of an intravenous bolus dose of glucose (0.5 ml of 50% glu cose solution); simultaneously, a continuous glucose in fusion (10% glucose solution) was started and maintained so as to give plasma glucose levels of 6--10 mM.
Experimental design
Apart from the control animals, all rats were allowed a 30-min period of hypoglycemic coma counted from the time of depolarization as judged from the DC potential shift. Depolarization occurred within 2-3 h from the time of insulin injection. The rats were then either killed by freezing of the brain in situ or given a glucose injection that repolarized membranes within �2 min. Glucose injected animals were allowed recovery periods of 0, 2, 5, and 15 min following the start of repolarization or 2, 4, 7, and 17 min following glucose injection. All rats were killed by freezing of the brain in situ with liquid nitrogen according to Ponten et al. (1973) . Brains were then chis eled out under intermittent irrigation with liquid nitrogen and stored at -80°C. Subsequently these brains were transferred to a cold chamber ( -20°C) in which cortical tissue and, in some experiments, caudoputamen were cut out. The brain specimens were then stored at -80°C for subsequent chemical analyses, all performed within 1 month after the experiments. The tissue was analyzed for labile phosphates, glycolytic metabolites, total COz (Tco 2 ), and FFAs as described in previous publications (Ponten and Siejso, 1964; Folbergrova et aI., 1972a,b; Agardh et aI., 1981) . There were two separate series. In one of these, encompassing animals with 30 min of hypo glycemic coma as well as with 2, 5, and 15 min of recov ery (following the start of membrane repolarization), the tissues analyzed were neocortex and caudoputamen. The second series comprised animals without electrodes in which neocortical tissue was sampled at the time of re polarization (2 min following glucose injection). In the tabulated data, the two control groups for neocortex were pooled.
Measurements of pHe and K+ e' and calculation of pHi and free ADP Extracellular pH (pH e) and K + e concentration (K + e) were measured with ion-sensitive microelectrodes, as de scribed in previous publications (Ekholm et aI., 1993; Katsura et aI., 1992) .
Intracellular pH (pH) was calculated from Tc0 2 , tissue Pcoz (PtCoz), and pHe (Siesjo et aI., 1972). Ptco 2 was assumed to exceed the arterial COz tension (P aC0 2 ) by 6 mm Hg (Ponten and Siesjo, 1966 ) except during hypogly cemic coma when PtCOZ was obtained by adding 4 mm Hg to PaCOZ' Extracellular space volume was assumed to be 20% in control and recovery animals and 10% during hy poglycemic coma (Pelligrino et aI., 1981) . Calculation of pHi was based upon the CO 2 method (Siesjo et aI., 1972; Katsura et al., 1992) . For the group studied 2 min follow ing glucose infusion, we calculated pHi by using a pHe derived from separate experiments and a Tco 2 that was the average of those measured in the 30-min coma and 7-min recovery groups.
Utilizing pHi values thus calculated, and assuming free intracellular magnesium concentrations of 0.33 mM in the control and recovery periods and 0.52 mM during hypo glycemic coma (Brooks and Bachelard, 1989) , we calcu lated the free ADP concentrations (ADPr) from the equi librium equations for the creatine kinase reaction (Law son and Veech, 1979; Ekholm et al., 1992a) . We also calculated ADP r on the assumption of no change in Mg 2 + concentration during and after hypoglycemic coma. As shown in a previous publication, small to moderate devi ations of pHi or of Mg 2 + concentration have little influ ence on the calculated ADPr .
Statistics
Values presented are means ± SD. The data for me tabolites were subjected to one-way analysis of variance followed by Scheffe's test.
RESULTS

Physiological variables and Tco2 contents
As shown in Table 1 , the physiological variables and Tco 2 values were similar in all groups. Thus, the animals had normal blood pressure, blood oxy gen, and carbon dioxide tensions and plasma pH. Blood (or plasma) glucose concentrations were nor mal or moderately raised in all groups except the "coma" groups. Body temperature was kept con stant during the experiments around 37°C.
Definition of groups Figure 1 shows a typical record of the DC poten tial and K + e in hypoglycemic coma. The onset of coma was defined in terms of a sudden negative shift of the DC potential. This was, or was not, followed by a shortlasting, abortive recovery (see Pelligrino et aI., 1981; Harris et aI., 1984) . After 30 min, glucose was injected intravenously. After -2 min (103 ± 48 s; n = 22), the DC potential started to change toward normal. Recovery was initially defined from that point, i.e., as 2, 5, and 15 min following the start of change of DC potential. Since the 2-min group showed such extensive recovery of energy state, a new group was added with 2-min recovery counting from glucose injection. In the fol lowing, the recovery is defined from the point of glucose injection (2, 4, 7, and 17 min).
Energy and glycolytic metabolites
The results are shown in Table 2 . As expected (see Lewis et aI., 1974; Agardh et aI., 1978; Behar et aI., 1985) , 30 min of hypoglycemic coma was asso ciated with an extensive breakdown of phosphocre atine (PCr) and ATP and with accumulation of cre atine (Cr), ADP, and AMP in both neocortex and caudoputamen. There was also an extensive reduc tion of the sum of the adenine nucleotides and a substantial decrease in adenylate energy charge (data not shown).
The results of Table 2 demonstrate that PCr and Cr concentrations had partly normalized after 2 min and were close to normal within 4 min, suggesting extensive restoration of mitochondrial metabolism. This contention is supported by the extensive re covery of the adenylate energy charge, which was >95% of control after 4 min, and by the normaliza tion of overall ADP and AMP concentrations.
To evaluate further the recovery of the cellular energy state, we calculated PCr and ATP concen trations as percentage of control and derived ADPf from the creatine kinase equilibrium, using data on changes in pHi (see below). As Fig. 2 shows, the PCr concentration had normalized already after 4 min. Furthermore, the data make it clear that the ATP/ADPf ratio had reached control values, or was above normal, after 4 min. Figure 2 (bottom) illus trates how differences in the assumed Mg 2 + con centration influence the results. Even if the Mg 2 + concentration increased during and after hypogly cemic coma, the analysis predicts that the ATPI ADPfratio had normalized within 4 min. Hence, the results suggest that the phosphorylation potential of 137 ± 14 37.1 ± 0.4 36.7 ± 1.5 103 ± 6.8 7.38 ± 0.1 11.0 ± 2.6 12.18 ± 0.86 30-min coma (n = 7) 129 ± 23 36.8 ± 0.8 36.1 ± 3.0 107 ± 5.9 7.30±0.1 NM ll.41 ± 1.09 4-min recovery (n = 5) 143 ± 13 36.9 ± 0.5 39.2 ± 3.2 106 ± 11 7.29±0.1 10.5 ± 3.5 11.28 ± 0.63 7-min recovery (n = 4) 148 ± 10 36.6 ± 0.5 34.2 ± 5.4 104 ± 11 7.27 ± 0.1 6.3 ± 4.3 11.08 ± 1.34 17-min recovery (n = 6) 140 ± 16 36.9 ± 0.2 35.7 ± 4.2 113 ± 10 7.30 ± 0.1 12.3 ± 4.9 13.42 ± 2.39
Control (n = 6) 130 ± 6 37.2 ± 0.2 37.8 ± 1.5 145 ± 28 7.44 ± 0.0 5.4 ± 0.3a NM 2-min recovery (n = 6) 156 ± 27 36.8 ± 0.1 41.4 ± 5.2 135 ± 24 7.37±0.1
± Loa
NM
Values are means ± SD, n = no. of experiments. Control-I-G, controls injected with insulin and glucose; NM, not measured.
a Plasma glucose. the (remaining) adenine nucleotide pool is quickly restored following glucose injection.
As expected, hypoglycemic coma was associated with a drastic fall in tissue glucose and glycogen concentrations, as well as in the lactate and pyru vate concentrations (Table 2) . Infusion of glucose led to a prompt increase in the tissue glucose pool (4 min), but there was no significant resynthesis of glycogen within the first 17 min of recovery. Lac tate concentration was predictably reduced during hypoglycemia (see Lewis et aI., 1974) and increased above normal upon infusion of glucose, as reported by Behar et al. (1985) . Pyruvate concentration was reduced during hypoglycemia and restored to nor mal in the recovery groups.
FFAs
Changes in individual FF A concentrations are il lustrated in Fig. 3 . As predicted, hypoglycemic coma was associated with a massive increase in FFA concentration (see Agardh et aI., 1981) . The present results demonstrate that the increase in FF A concentrations persisted for at least 7 min into the recovery period and that full recovery was not observed in the period of 7-17 min.
K+ e concentrations At the onset of hypoglycemic coma, K + e rose to values of �50 mM (see Pelligrino et aI., 1982; Harris et aI., 1984) . As illustrated in Fig. 1 , K + e started to decrease 2-3 min after injection of glucose; i.e., just after that repolarization was observed (as judged by the positive shift in DC potential) and the phosphor ylation potential was rising. After �5 min, K + e val-J Cereb Blood Flow Metab, Vol. 13, No.5, 1993 ues decreased to the precoma value (�3.5 mM). A further reduction of K + e (undershoot) was some times observed, with a gradual return.
Acid-base changes
The present results confirm previous ones, dem onstrating that pHi either remains unchanged or in creases somewhat during hypoglycemic coma (Pel ligrino et aI., 198 1; Behar et aI., 1985) and that pHe decreases during recovery (Bengtsson et aI., 1990) . As demonstrated, this secondary decrease in pHe was associated with a pHi that was either normal or even increased (Fig. 4) . Thus, pHi remained un changed or increased at a time when tissue lactate content increased (see Table 2 ).
DISCUSSION
The present results should be viewed against those previously published. Agardh et al. (1978 Agardh et al. ( , 1982 described recovery following 30 or 60 min of hypoglycemic coma, but the observations were re stricted to postinsult periods of �30 min. Behar et al. (1985) used IH and 31p nuclear magnetic reso nance to study changes in lactate, labile phos phates, and pHi' Their results describe recovery events similar to those reported in the present study. By necessity, though, their data fail to give information on changes occurring during the first 2-3 min of recovery and cannot be used to correlate changes in lactate, labile phosphates, and pHi to ion fluxes or pHe.
Mitochondrial phosphorylation, as this can be studied under optimal conditions in vitro, is af fected only moderately by 30 min of hypoglycemic coma (Agardh et aI., 1982 demonstrate that the mitochondria can resume phosphorylation also under the less favorable con ditions in vivo, e.g., when FF As have accumulated. It is clear from the present results on changes in K + e that also Na +, K + -ATPase activity is quickly resumed. Thus, neither the mitochondrial nor the plasma membrane function suffers serious damage unless the period of hypoglycemic coma is extended to 60 min (Agardh et aI., 1982) . These conclusions should be drawn with the caveat that a minority of cells, such as the granule cells in the tip of the den tate gyrus, may develop rapid and extensive mito chondrial failure (Auer et aI., 1984 (Auer et aI., , 1985 . We com pared the present results with those obtained in an ischemia recovery study (Ekholm et aI., 1993) . Al though there is no acidosis and no reduction of blood flow during hypoglycemia, the lag before the DC potential and before the K + e started to return to basal level was very similar, suggesting that follow ing both hypoglycemia and ischemia, the normal ization of the ATP/ADPf ratio, i.e., the phosphory lation potential, is relatively rapid. In both condi tions, the tissue glucose concentration is virtually nil at the end of the insult. Hence, any lag in recov ery related to the relatively slow transport of glu cose from plasma to tissue is similar in the two con ditions. The results demonstrate that neither the re establishment of capillary circulation nor the lingering intracellular acidosis following ischemia introduces a lag in the normalization of the cellular phosphorylation potential. In both conditions, ATP synthesis occurs promptly after the initial delay, and Na +, K + -ATPase activity is quickly resumed. The present results confirm previous studies showing that although lactate content rises moder ately during recovery, pHj does not fall (Behar et aI., 1985) . The results suggest that pHj is rising at the time when pHe falls. Such an apparent dissoci ation between pHj and pHe has previously been ob served following status epilepticus ; see also increase in pHj following ischemia described by Mabe et al. (1983) ]. It is tempting to speculate that these insults lead to a sustained stim ulation of extrusion of H+ from cells, explaining why pHj can increase or remain constant when pHe falls (Siesj6 et aI., 1993) . If confirmed, such results hint that hypoglycemia and other insults could cause sustained alterations of membrane function, e.g., by phosphorylation of the ubiquitous Na + IH+ exchanger.
